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epartment of CellAbstract An expressed sequence tag (EST) obtained from a subtractive-suppression hybridization
cDNA library constructed using Catharanthus roseus cell line C20hi and its parental cell line C20D
was used to clone a full-length cytochrome P450 cDNA of cyp71d1. The encoded polypeptide
contained 507 amino acids with 39–56% identity to other CYP71D subfamily members at the
amino acid level. Expression characteristics of cyp71d1 were determined using semi-quantitative
RT-PCR. The cyp71d1 transcript was expressed in all three cell lines with the highest level in the cell
line C20hi. In the mature C. roseus plant, the cyp71d1 cDNA was highly expressed in petals, roots
and stems, but very weakly expressed in young leaves. Its transcription level increased with the
development of ﬂowers. 2,4-D could down-regulate the transcription of cyp71d1, as did KT, but
only to a minor degree. Neither light nor yeast elicitor could induce the transcription of cyp71d1.
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A novel P450 gene from C. roseus cell line C20hi 2511. Introduction
Plant cytochrome P450 monooxygenases are widely involved
in the metabolism of secondary metabolites, such as the
biosynthesis of hormones, pigments, oils, some defensive
compounds, and herbicide detoxiﬁcation1–3. Since the P450
nomenclature update in 1993, more than 2417 P450 sequences
in 94 families have been reported. In Catharanthus roseus, an
important medicinal herb, about 19 P450 nucleotide sequences
have been reported and 8 of them have been identiﬁed with
enzyme speciﬁcity and biological functions. For example,
CYP76B6 (geraniol 10-hydroxylase), CYP72A1 (secologanin
synthase), deoxyloganin-7-hydroxylase, and CYP71D12
(tabersonine 16-hydroxylase) are involved in indole alkaloid
biosynthetic pathways4–9. Much effort has been directed to
clone additional P450s that are involved in indole alkaloid
biosynthesis from C. roseus10.
Using a subtractive-suppressed hybridization (SSH) cDNA
library constructed from the fully habituated cell line C20hi
and its parental cell line C20D, we obtained an EST sequence
F226. The nucleotide sequence of F226 showed 96% identity
with the partial coding sequence of cytochrome P450 gene
cyp71d1 (GenBank accession number AY192573.1). There
was no other information about cyp71d1 except the partial
sequence in Genbank. Because the C20hi parental line is
reported to overproduce alkaloids11, we considered the possi-
bility that CYP71D1 encodes an alkaloid biosynthetic enzyme
like cyp71d12, which encodes tabersonine 16-hydroxylase.2. Materials and methods
2.1. Plant material and cell lines
C. roseus [L.] G. Don was grown in the garden in Shanghai
University of Traditional Chinese Medicine. The mature
plants with ﬂowers were used for analysis. C. roseus cell line
C20hi, C20D, and C20 were propagated as described by Zheng
et al.11.
2.2. Light induction of C20hi cell suspension cultures
Eight-day-old C20hi cell suspension cultures were used for light
induction, which was performed with four white light lamps
(Philips 36W/54) positioned 15 cm above the culture ﬂasks. The
light intensity was 6000 Lux. Continuous irradiation was applied
throughout the cultivation period. Culture ﬂasks wrapped with
aluminum foil and black papers were used as control.
2.3. Yeast elicitor treatment of C20hi suspensions
Yeast elicitor (YE) was prepared as the following: 10.00 g of
yeast extract was dissolved with 250 mL 80% ethanol and
refrigerated at 4 1C for 3–4 days. The supernatant was care-
fully discarded and the residue was redissolved with 250 mL
80% ethanol and treated again as above. The ﬁnal residue was
dissolved with 40 mL double-distilled water, ﬁltered through
0.22 mm ﬁlters and stored at 4 1C before use12.
Eight-day-old C20hi cell suspension cultures were used for
YE induction. Exactly 0.5 mL of elicitor was added into
100 mL of culture medium. Induced cells were gathered byﬁltration, immediately frozen in liquid nitrogen and kept at
80 1C until use.
2.4. RNA extraction
Total RNA was isolated from different cell samples and
different parts of mature plants using Trizol Reagents
(Invitrogen, CA, USA) according to the manufacturer’s
instruction. cDNAs were obtained using 2 mg of total RNA
per 25 mL reaction with M-MLV RTase cDNA Synthesis Kit
(Takara). Each RNA sample was treated with DNase I before
performing the reverse transcription.
2.5. RACE and cDNA cloning
30- and 50-RACE SMARTTM RACE cDNA Ampliﬁcation Kit
(Clontech Heidelberg, Germany) was used according to the
manufacturer’s instruction. Gene speciﬁc primers for 30- and 50-
RACE PCR were designed according to the EST sequence as list
below: GSP3a (50-TGGAGTGGGCTATGTCTGAGTTGA-
30); GSP3b (50-GGCACAAAATGAAGTCAGGCAAGT-30);
GSP5a (50-CCATTGGCTTTCTTTCCCATCTCA-30); GSP5b
(50-TATGCTCATCAATCATTTCCTCCA A-30).
The full-length cDNA was ampliﬁed by PCR using LA
Taqs cDNA polymerase from Takara under following con-
ditions: denaturized at 94 1C for 5 min, followed by 35 cycles
of 94 1C for 0.5 min, 55 1C for 0.5 min, 72 1C for 1.5 min,
then held at 72 1C for 10 min. The primer pairs BamHI
(50-TTGGATCCAGTATTGCAATTCCC-30, forward)–Hind
III (50-TTAAGCTTGTAAGTACTAGTCAAGTG-30, reverse)
were used to introduce respective restriction sites at the ends of
the ORF. After ligation into pGEMs-T Easy Vector (Pro-
mega) and transformation in E. coli strain DH5a, positive
clones were sequenced by primer walking using the dideoxy
chain termination method.
2.6. RT-PCR
Gene-speciﬁc primers used to amplify the full length cDNA of
CYP71D1 were also used to analyze its mRNA levels in different
cell samples and plant tissues. Gene-speciﬁc primers were
employed to amplify actin as internal controls for RNA amount.
Expression patterns of cyp71d12 (encoding tabersonine 16-hydro-
xylase, T16H), str (encoding strictosidine synthase, STR), and d4h
(encoding desacetoxyvindoline 4-hydroxylase, D4H) were ampli-
ﬁed for comparison with cyp71d1. Primers used to amplify cDNA
fragments of cyp71d12, str, d4h, and actin were as follows:
cyp71d12-forward (50-ATGACTTTGAAGCCCCACTG-30),
cyp71d12-reverse (50-CCACCAAATGGTAGATACTCG-30),
str-forward (50-AACTAGCCACAAGTGTGCAAGG-30), str-
reverse (50-CAACACTTCCATGTTGACCTCC-30), d4h-forward:
(50-TAGGATCCGAGCAAGAAAGAAAAATG-30), d4h-
reverse: (50-ATCTGCAGGACGCTTATTTAGTCCAAC-30),
actin-forward (50-GGCGGATGCTGAGGATATTC-30), actin-
reverse (50-TCCAGAGTCCAGAACAATACCA-30). Oligod(T)18
primer and M-MLV reverse transcriptase (Takara, Otsu, Japan)
were used for ﬁrst strand cDNA synthesis. PCR was carried
out in Bio-RAD Peltier thermo-cycler (Techne, Burkhardtsdorf,
Germany) with Taq DNA polymerase from Sangon. PCR cycle
numbers were optimized for each gene so that product accumula-
tion was in the exponential range. The PCR reaction cycles varied
Lihong He et al.252as follows: 25 cycles for actin, 27 cycles for str, and 34 cycles for
cyp71d1, cyp71d12 and d4h, respectively. PCR conditions were as
follows: denaturation at 94 1C for 5 min, followed by various
cycles with different genes of denaturation at 94 1C for 30 s,Figure 1 Nucleotide sequence (GenBank accession number EU541
cytochrome P450 cysteine heme-iron ligand signature sequence is boxe
The putative signal peptide is in bold and underlined with a broken lannealing at 55 1C for 45 s, and extension at 72 1C for 60 s, ﬁnal
extension for 5 min at 72 1C. Ampliﬁed cDNA fragments were
run on a 1.0% agarose gel and visualized by ethidium bromide
staining using ImageMastersVDS (Pharmacia Biotech).505) and the deduced amino acid sequence of CYP71D1. The
d. Eight motifs of E-class group I P450s ﬁngerprint are underlined.
ine.
A novel P450 gene from C. roseus cell line C20hi 2533. Results and discussion
3.1. cDNA cloning and structure analysis of cyp71d1
The 30-RACE and 50-RACE fragments were about 700 bp and
900 bp, respectively. A poly (A) ‘‘tail’’ and a ‘‘cap-structure’’
were located in the 30- and 50-RACE fragments, respectively.
According to the 50/30-untranslated sequence, a pair of gene-
speciﬁc primers were designed. A full length cDNA 1801 bp in
length was obtained, including a 156-bp transcriptional initia-
tion zone located upstream of ATG (Genbank accession
number EU541505). The cDNA encodes a protein of 507
amino acids, which belongs to an E-class group I P450s. The
cytochrome P450 cysteine heme-iron ligand signature sequence
(FGSGRRMCPG) is present at position 441-450. Analysis
with PSORT and Signal P suggested that the ﬁrst 27 amino
acids may form an endoplasmic reticulum membrane-anchor-
ing sequence. Therefore cyp71d1 may encode an ER mem-
brane-anchored protein.
Amino acid sequence alignments showed that cyp71d1 shares
39–56% identity with other CYP71D subfamily members at
the amino acid level (Fig. 1). In the CYP71D subfamily about
19 genes with full length cDNA sequences have been cloned,
and some have been functionally characterized, including
ﬂavonoid 6-hydroxylase (CYP71D9)13, tabersonine 16-hydroxy-
lase (CYP71D12)5, (–)-4S-limoene hydroxylases (CYP71D13,
CYP71D15 and CYP71D18)14, cembratriene-ol hydroxylase
(CYP71D16)15, 5-epiaristolochene-1,3-dihydroxylase (CYP71D20
and CYP71D21)16. Their substrates all contained cyclohexenes,
either saturated or unsaturated, with hydroxylation sites on the
saturated or unsaturated cyclohexene ring. Alignments within the
amino acid sequences showed that cyp71d1 share 53% identity
with cyp71d20, 45% identity with cyp71d15, and 39% identity
with cyp71d12 or cyp71d9. We assume that cyp71d1 might alsoFigure 3 Transcriptional analysis of cyp71d1, cyp71d12 and d4h in C
roots; S: stems; P: petals; OL: old leaves; YL: young leaves; B1: buds
Figure 2 Effect of 2,4-DCAA and KT on the transcription of
cyp71d1 and str in C20hi. Cells were cultured in B5 basal medium
without hormones (–) at time point 0 transferred to fresh medium
containing 2,4-DCAA(D), KT(K), both (DK) or without hor-
mones (–) for 12 and 72 h.encode a hydroxylase catalyzing the hydroxylation of saturated
cyclohexene, but the substrate(s) remains unknown.3.2. Expression characteristics of cyp71d1
Since cyp71d1 was obtained from the SSH cDNA library
constructed based on the fully habituated cell line C20hi and its
parental cell line C20D, we ﬁrst determined the relative expression
of cyp71d1 in all three cell lines (C20hi, C20D, C20) using RT-
PCR. It showed that the cyp71d1 transcripts were present in all
three cell lines, with the highest level in C20hi and lowest level in
C20. The expression pattern of cyp71d1 was similar with that of
cyp71d12 in the three cell lines. As C20hi could grow well in B5
basic medium free of any phytohormones, we assumed that the
transcription of cyp71d1 may be related to 2,4-DCAA or KT,
just as it had been reported that 2,4-DCAA could cause a
sustained inhibition of tdc transcription17 and the transcription
of tdc and str were induced in 2,4-DCAA-starved cells18. To
determine whether the absence of 2,4-DCAA or KT resulted in
the high transcription of cyp71d1 in C20hi, we conducted another
experiment. The 8-day-old C20hi cells were inoculated respec-
tively in fresh B5 basic medium, B5 basic medium containing
2,4-DCAA, KT or both of 2,4-DCAA and KT. Suspension cells
were collected at 0 h, 12 h and 72 h after inoculation and the
transcription level of cyp71d1 was analyzed. As shown in Fig. 2,
the transcript of cyp71d1 was much higher in C20hi cells
cultivated in medium free of phytohormones. Culture in 2,4-
DCAA-containing medium for 12 h signiﬁcantly reduced the
transcriptional level of cyp71d1 similar to that seen with str. The
down-regulation of str was sustainable and the transcription was
almost totally inhibited after 72 h in 2,4-DCAA containing
medium, as was reported for tdc17. But 2,4-DCAA could not
totally inhibit the transcription of cyp71d1. These results con-
ﬁrmed that 2,4-DCAA could down-regulate the transcription of
cyp71d1. KT did not inhibit the transcription of str, but could
partially restore the effect of 2,4-DCAA on str transcription.
This kind of restoration could not be observed in cyp71d1. In
contrast, KT slightly suppressed the transcription of cyp71d1,
much less than 2,4-DCAA (Fig. 2). These results suggest that the
absence of 2,4-DCAA and KT might result in the high
transcription level of cyp71d1 in C20hi cells, and that 2,4-DCAA
and KT may down-regulate the transcription of cyp71d1.
In mature C. roseus plants, the transcription of cyp71d1 was
highest in the ﬂower petals, and decreased sequentially in
roots, stems and young leaves. No transcription of cyp71d1
was detected in old leaves (Fig. 3A). We also analyzed the
transcription of cyp71d1 in developing buds (Fig. 3B). The20hi, C20D, C20 cells and plant tissues of C. roseus (A) and (B). R:
of less than 0.5 cm in length; B2: buds of about 1.5 cm in length.
Figure 5 RT-PCR analysis of cyp71d1 and str in C20hi suspen-
sion cultures with (A) and without (B) YE addition.
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of less than 0.5 cm in length and highest in the blooming
petals, which indicated that the transcription of cyp71d1
increased with the development of ﬂowers.
This tissue speciﬁc transcript pattern of cyp71d1 was similar
to that of cyp71d12, except that cyp71d12 transcripts could be
detected in old leaves but not in young leaves. The tissue
speciﬁc transcript pattern of d4h was performed as reference
in this study, and was consistent with earlier reports19–21.
The differences in tissue-speciﬁc transcription of cyp71d1,
cyp71d12 and d4h revealed that they might have different
biological functions. The cyp71d1 expression most closely
correlated with the secondary biosynthetic process of ﬂowers
as its transcript increased with the development of ﬂowers.
Whether it also encoded an alkaloid biosynthetic enzyme like
cyp71d12 and d4h could not be determined at present.
3.3. Light induction of cyp71d1
The expression of cyp71d12, a member of the same subfamily
as cyp71d1, was reported to be signiﬁcantly induced by
irradiation5. As shown in Fig. 4, cyp71d1 transcripts ﬂuctuated
throughout the irradiation time course, but showed no
signiﬁcant difference in comparison with the dark controls.
In contrast, cyp71d12 transcription was signiﬁcantly induced
by irradiation and reached the maximum at 12 h. This result
indicated that cyp71d1 transcription was not induced by light.
Cyp71d12 encodes tabersonine 16-hydroxylase, which cata-
lyzes the ﬁrst step in vindoline biosynthetic pathway. The
higher expression of tabersonine 16-hydroxylase may enhance
the biosynthetic ﬂow of vindoline. In the present study we
found that irradiation signiﬁcantly induced cyp71d12 expres-
sion in the full habituated cell line C20hi and we also detected
about 1 105% DW vindoline in C20hi cultivated under
continuous irradiation for 6 days. This result indicated that
light irradiation may be an effective step to induce vindoline
biosynthesis in cell suspension culture of C. roseus.
3.4. YE does not induce cyp71d1
No obvious increase of cyp71d1 transcripts could be observed
after YE addition. Untreated (control) cells displayed a
distinct increment of cyp71d1 from 8 h to 24 h (Fig. 5).Figure 4 RT-PCR analysis of cyp71d1 and cyp71d12 in C20hi
suspension cultures under continuous light irradiation (A) and
dark condition (B).Analysis for str indicated that its transcription was inducible
and reached the maximum level at 12 h, consistent with earlier
reports22. Thus, these results suggest that cyp71d1 transcrip-
tion is not induced by YE.4. Conclusions
The full length cDNA of cyp71d1 was 1801 bp in length and
encoded a protein of 507 amino acids. Sequence alignment and
modeling analysis suggested CYP71D1 was an ER-anchored
hydroxylase. Transcripts of cyp71d1 were detected in the three
cell lines and in petals, roots and stems of mature plants. Its
transcript was increased with the development of ﬂowers. A
very low transcript could also be detected in young leaves but
not in old leaves. 2,4-DCAA and KT could down regulate the
expression of cyp71d1. Neither light irradiation nor YE
treatment could induce cyp71d1 transcription. The transcrip-
tion pattern of cyp71d1 was very similar to that of cyp71d12 in
plant tissues. Further studies are needed to explore its
biological functions.
Acknowledgment
This study was supported by grants from the National Natural
Science Foundation of China (No. 30200358) and the Doc-
torate Specialized Research Fund from China Ministry of
Education (20070268008).
References
1. Han JY, Kim HJ, Kwon YS, Choi YE. The Cyt P450 enzyme
CYP716A47 catalyzes the formation of protopanaxadiol from
dammarenediol-II during ginsenoside biosynthesis in Panax gin-
seng. Plant Cell Physiol 2011;52:2062–73.
2. Cui G, Huang L, Tang X, Zhao J. Candidate genes involved in
tanshinone biosynthesis in hairy roots of Salvia miltiorrhiza
revealed by cDNA microarray. Mol Biol Rep 2011;38:2471–8.
3. Nelson D. WerckReichhart D. A P450centric view of plant
evolution. Plant J 2011;66:194–211.
4. St-Pierre B, De Luca V. A cytochrome P450 monooxygenase
catalyzes the ﬁrst step in the conversion of tabersonine to vindo-
line in Catharanthus roseus. Plant Physiol 1995;109:131–9.
A novel P450 gene from C. roseus cell line C20hi 2555. Schro¨der G, Unterbusch E, Kaltenbach M, Schmidt J, Strack D,
De Luca V, et al. Light-induced cytochrome P450-dependent
enzyme in indole alkaloid biosynthesis: tabersonine 16-hydroxy-
lase. FEBS Lett 1999;458:97–102.
6. Kutchan TM, Schro¨der J. Selected cell cultures and induction
methods for cloning and assaying cytochromes P450 in alkaloid
pathways. Methods Enzymol 2002;357:370–81.
7. Irmler S, Schro¨der G, StPierre B, Crouch NP, Hotze M, Schmidt
J, et al. Indole alkaloid biosynthesis in Catharanthus roseus: new
enzyme activities and identiﬁcation of cytochrome P450 CYP72A1
as secologanin synthase. Plant J 2000;24:797–804.
8. Collu G, Unver N, Peltenburg-Looman AMG, van der Heijden R,
Verpoorte R, Memelink J. Geraniol 10-hydroxylase, a cytochrome
P450 enzyme involved in terpenoid indole alkaloid biosynthesis.
FEBS Lett 2001;508:215–20.
9. Burlat V, Oudin A, Courtois M, Rideau M, StPierre B. Co-
expression of three MEP pathway genes and geraniol
10hydroxylase in internal phloem parenchyma of Catharanthus
roseus implicates multicellular translocation of intermediates
during the biosynthesis of monoterpene indole alkaloids and
isoprenoidderived primary metabolites. Plant J 2004;38:131–41.
10. Giddings LA, Liscombe DK, Hamilton JP, Childs KL, Della-
Penna D, Buell CR, et al. A stereoselective hydroxylation step
of alkaloid biosynthesis by a unique cytochrome p450 in
Catharanthus Roseus. J Biol Chem 2011;286:16751–7.
11. Zheng ZG, Zhou Y, Liu D, Hu ZB. Cell growth and ajmalicine
accumulation in a full habituated Catharanthus roseus cell line
C20hi. Acta Bot Sin 2002;44:1146–50.
12. Chen H, Chen F. Effect of yeast elicitor on the secondary
metabolism of Ti-transformed Salvia miltiorrhiza cell suspension
cultures. Plant Cell Rep 2000;19:710–7.
13. Latunde-Dada AO, Cabello-Hurtado F, Czittrich N, Didierjean
L, Schopfer C, Hertkorn N, et al. Flavonoid 6-hydroxylase from
soybean (Glycine max L.), a novel plant P450 monooxygenase.
J Biol Chem 2001;276:1688–95.
14. Lupien S, Karp F, Wildung M, Croteau R. Regiospeciﬁc cyto-
chrome P450 limonene hydroxylases from mint (Mentha) species:cDNA isolation, characterization, and functional expression of
(-)-4S-limonene-3-hydroxylase and (-)-4S-limonene-6-hydroxylase.
Arch Biochem Biophys 1999;368:181–92.
15. Wang E, Wang R, DeParasis J, Loughrin JH, Gan S, Wagner GJ.
Suppression of a P450 hydroxylase gene in plant trichome glands
enhances natural-product-based aphid resistance. Nat Biotechnol
2001;19:371–4.
16. Ralston L, Kwon ST, Schoenbeck M, Ralston J, Schenk DJ,
Coates RM, et al. Cloning, heterologous expression, and func-
tional characterization of 5-epi-aristolochene-1, 3-dihydroxylase
from tobacco (Nicotiana tabacum). Arch Biochem Biophys 2001;
393:222–35.
17. Goddijn OJM, Kam RJ, Zanetti A, Schilperoort RA, Hoge JHC.
Auxin rapidly down-regulates transcription of the tryptophan
decarboxylase gene from Catharanthus roseus. Plant Mol Biol 1992;
18:1113–20.
18. Roewer I, Cloutier N, Nessler C, De Luca V. Transient induction
of tryptophan decarboxylase (TDC) and strictosidine synthase
(SS) genes in cell suspension cultures of Catharanthus roseus. Plant
Cell Rep 1992;11:86–9.
19. Va´zquez-Flota FA, St-Pierre B, De Luca V. Light activation of
vindoline biosynthesis does not require cytomorphogenesis in
Catharanthus roseus seedlings. Phytochemistry 2000;55:531–6.
20. St-Pierre B, Va´zquez-Flota FA, De Luca V. Multicellular com-
partmentation of Catharanthus roseus alkaloid biosynthesis pre-
dicts intercellular translocation of a pathway intermediate. Plant
Cell 1999;11:887–900.
21. Va´zquez-Flota FA, De Carolis E, Alarco AM, De Luca V.
Molecular cloning and characterization of desacetoxyvindoline-
4-hydroxylase, a 2-oxoglutarate dependent-dioxygenase involved
in the biosynthesis of vindoline in Catharanthus roseus (L.) G.
Don. Plant Mol Biol 1997;34:935–48.
22. McKnight T, Roessner C, Devagupta R, Scott A, Nessler C.
Nucleotide sequence of a cDNA encoding the vacuolar protein
strictosidine synthase from Catharanthus roseus. Nucleic Acids Res
1990;18:4939.
